A quantum theory on conformation-electron system is presented. Protein folding is regarded as the quantum transition between torsion states on polypeptide chain, and the folding rate is calculated by nonadiabatic operator method. The theory is used to study the temperature dependences of folding rate of 15 proteins and their non-Arrhenius behavior can all be deduced in a natural way. A general formula on the rate-temperature dependence has been deduced which is in good accordance with experimental data. These temperature dependences are further analyzed in terms of torsion potential parameters. Our results show it is necessary to move outside the realm of classical physics when the temperature dependence of protein folding is studied quantitatively.
temperature
-aroused considerable attention of many investigators. It was conventionally interpreted by the temperature dependence of hydrophobic interaction or by the nonlinear temperature dependence of the configurational diffusion constant on rough energy landscapes [1] . Recent experimental data indicated very different and unusual temperature dependencies of the folding rates existing in the system of 1/ T 6 85 λ − mutants [2, 3] and in some de novo designed ultrafast folding protein [4, 5] . These unusual Arrhenius plots, as a kind of additional kinetic signatures, provide relatively abundant quantitative data for understanding the mechanism of protein folding [6] . About experimental studies on folding mechanism, apart from the ultrafast folding of small designed proteins, several new experimental techniques for direct observation of ultrafast folding were also proposed [7] . In the meantime, molecular dynamics simulation was commonly used as a theoretical tool for analyzing folding mechanism. However, molecular dynamics simulation is a method based on classical mechanics. When we observe the protein folding at molecular level the application of quantum theory instead of classical mechanics should be more reasonable. Although the classical physics attained part successes in some related studies, detailed observations show that it was mainly used in searching for the energy minimum of folding protein, but the minimum energy seems not sensitive to the method (classical or quantum) by which it is deduced. The widely accepted statistical energy landscape theory on protein folding does not answer whether the folding is classical or quantum [8] . The molecular dynamics simulation was also employed in the solution of Levinthal paradox or the understanding of some folding peculiarity. But here the estimation of folding time is rough and model-dependent or only for small molecules. So, the part success of molecular dynamics simulation only indicates the reasonability of classical approximation in some special cases. The "classical" approach is too limited in the full solution of protein folding problem, especially for the understanding of the fundamental physics underlying which can be simplified as
j l = the j-th magnetic quantum number (with respect to j θ ) of electronic wave function
, a number in the order of magnitude of 1.
∑∏ is the factor of conformational wave function
where 
For the case of non-equal frequencies between initial and final states consider a model system of oscillators. The free energy of the system is expressed by
It gives how the free energy varies with frequency. Thus，the free energy difference between torsion initial state (frequency { j ω }) and final state (frequency { j ω′ }) is deduced, 1 ln
The generalized equation of folding rate for frequency variation case is obtained through replacing by in Eq (10) [10] .
Starting from Eq (10) the statistical analyses of one-hundred-protein folding rate have been given in [12] .
From Eq (10) (with replaced by 
So，the relation of versus 1/ is non-linear on the Arrhenius plot. Further, we consider the torsion potential is susceptible to temperature at melting point ( ) since a protein may undergo a transition of structure near melting temperature [3] . Suppose near and insert it into (13) . We obtain the slop -temperature
where η is a parameter describing structural susceptibility of torsion potential near melting temperature,
Assuming that the measurement value of folding free energy decrease is denoted by 
and R can be rewritten in the form
The experiments on rate -temperature relationships in protein folding exhibit the following characteristics of non-Arrhenius behavior. The folding rate universally decreases upon increase in temperature and even the crossover occurs at high temperature from normal positive barrier to abnormal negative [2, 5, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . These characteristics can all be explained by temperaturedependent terms in Eq (13) . The last term To make more quantitative comparison between theory and experiments we study 15 proteins for which experimental data on temperature dependence of rate and on folding free energy are currently available. Eq (15) PDB code [13] 0 1, To estimate the number of torsion modes ( column 9 of Table I ) for a given protein we numerate the main-chain and side-chain dihedral angles in each contact and sum them to deduce the total number of dihedrals in polypeptide chain. For details see supplementary material. (16) (16) and (17) To conclude, the temperature dependence is a key point for understanding the protein folding mechanism since the temperature dependence gives relatively abundant and comparable data on the folding of the same protein and therefore it provides a clue to search for the general law underlying folding. As we know, the problem has not yet been solved in current literatures. However, we found it can be solved satisfactorily from the point of quantum transition theory. The fact itself shows the necessity to move outside the realm of classical physics. Ten years before David Baker said that the fundamental physics underlying protein folding may be much simpler than the extremely complexity inherent in the protein structure [24] . Here, our analysis indicates that a key point on the surprising simplicity may be in: the numerous types of protein folding obey the same universal kinetics of quantum transition between conformational states. The view of quantum transition among torsion states gives deeper insights into the folding event of polypeptide chain.
Supplementary materials
Part A Simulation of protein folding rate vs temperature We study fifteen proteins for which experimental data on temperature dependence of rate are currently available. The PDB codes for these proteins and the experimental data references are listed in Table S1 .The theoretical model is given by Eq (15) of text in which the temperature dependence of rate for each protein is described by two parameters S and R. The model fits to folding rate vs temperature data for 15 proteins are shown in Fig S1 . Gly, 1 for Ser, 2 for Phe, ,3 for Met, 4 for Arg, etc) [15] . To avoid repetitive enumeration we consider n = polypeptide chain length minus residues which are not contained in any contact fragment. Thus the total number of main-chain dihedral angles in the polypeptide chain is 2n . The number of side-chain dihedral angles can be enumerated by the same way.
The torsion potential is assumed to have several minima with respect to each i θ and near each minimum the potential can be expressed by a potential of harmonic oscillator. A typical torsion potential is the intersection of two harmonic potentials -one with initial frequency ω and one with final frequency ω′ as shown in Figure S2 . 
and Eqs (S1)(S2). The frequency ratio / ω ω′ is related to parameter λ and the angular shift δθ is related to ε . Since λ depends on structural susceptibility parameter η , the frequency ratio / ω ω′ increases with η accordingly. The numerical results on / ω ω′ of 15
proteins for different η are listed in Table S2 . The angular shift δθ (or ε ) is determined from equations and directly. Suppose Table S2 Torsion potential parameter of frequency ratio and potential minimum location Consider 94 proteins whose folding rate data are available (Table S3) Figure S3 . To save space only plots for / ω ω′ =0.96 and 0.97 are given here. The corresponding numerical data are listed in Table S4 . ). 
